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Explosive experiments have been performed to study the critical shear'
stress a* beyond the leading edge of shockwaves in aluminum at pressures

of 300 and 6S0 kbar, copper in pressures of 240 and 550 kbar and lead at
pressures of 460 kbar. Estimates of this quantity were perfQrmed by com-
parison of experimental data characterizing the. decrease in pressure across
the leading edge of the shockwave due to unloading with the results of'
calculation.

1. It was experimentally demonstrated in [1., 2] that the critical
shear stress a* in metals increases significantly with increasing, hydrosta-
tic pressure. With shock compression, the value of critical shear stress
determines the amplitude of the elastic unloading wave in the material pre-
liminarily compressed by the shockwave. A diagram of the change in stress
state upon impact compression with subsequent expansion of an infinite
medium is shown on Figure 1, where ABC is the shock compression curve (im-
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pact adiabatic curve); CDE is the expansion curve; CD is the elastic' sector,
expansion is';perfdrmed in the elastic unloading wave; DE is the sector of
plastic unloading; AF is the Hydrostatic compression curve.
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The value of critical shear stresss of which, when reached, resut in

return transition fro , elasticity to plasticity in the e process of'e. ansion'
dof a shock compressed material is related to the amplitude of the pressure
in thle elastic U.nloading wave P_ b•r the relationship

wherp p is Poissons coefficient of the material at the given shock compres-
tsion pressure. s

SIne calculations of the compression of metal sh , strong shockwaves, the
.strength properties are frequently gnored, looking upon the metal as aw
'fluid ehydrodynamic theory).. Considerationg of thelsrengtioe the nlas-,tic sector on the expans'ion curge, significantly changes the flow picture

oduring shock compression [3].

SIt was firstexperimentaly shown in (4] that with a shbck compressionz
Spressure1 of 100 kbara the lrole of strength in aluminum is quite significantS-- the critical shear stress is 28.5 kbar. in [5], this result was confirmed

in exteriments with aluminum alloys: with shock compression pressures of
110 and 345 kbar, the critical shear stresses were 8.6 arid 22 kbar respec-Stively1 ., In, [6], results are presented from numerical calculations which

; consider the influence of elast'ic unloading on the •propa~ation and atteniuation
o•f shockwaves in solids. .

Estimation b£ the value of a, in this wo~rk, as in works [4,"5], was per-

•£ormed by comparison ,of calculated and experimental dependences characteriz-
* ing th• decrease in pressure at the leading edge of the shockwave in these

metals, occurring due to the elastic unloading wave which catches upi

' I * * Ii

, ' •he v~lues of critical •tresses presented were producdd from the values of

pressures P determined in [5] where p,= 0.31. 1
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2. In order to determine the critical shear stress'behind the leading
edge of the shockwave, the attenuation of pressure at the leading edge of the
shookwave caused by the impact of a plate on a specimen made of the same
material as the plate was studied. To describe the method, let us study a
diagram of the successive change in pressure at the leading edge of the shock-
wave due to its interaction with the elastic unloading wave in coordinate x,
t (travel-time) as shown on Figure 2, where A is the impacting plate; B is a
semi-infinite specimen.

When the plate strikes the specimen, two shockwaves 1 and 2 are formed.
The unloading wave which catches up with the leading edge of the shock com-
pression wave 3 is formed when the shockwave 1 is reflected in the plate from
its free surface. The metal is unloaded first in the elastic unloading wave
3, then to zero in the plastic unloading wave 4 (curves CD and DE on Figure 1).

The velocity of the elastic unloading wave is higher than the velocity of
the plastic unloading wave. When the elastic unloading wave interacts
with the shockwave, the pressure at the leading edge of the wave drops by
a quantity determined by the amplitude of the elastic unloading wave, i.e.,

by the critical shear stress. A weak elastic compression wave 5 propagates
to the left through the specimen. Then this wave interacts with the plastic

unloading wave, elastic unloading wave 6 propagates to the right once more,

catching up to the leading edge of the shockwave, etc. The process is re-

peated until the pressure at the leading edge of the shockwave drops to
zero.
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Figure 3.

Thus the piessure at the leading edge of the shockwave decreases in
jumps as it propagates through the specimen. The velocity of the material
(mass velocity) u behind the leading edge of the wave and the velocity of
the free surface of specimen w change correspondingly as the shockwave reaches
the free surface.

3. Experiments were used to study specimens of aluminum alloy Dl,
copper Ml and lead as delivered (without additional heat treatment). The
quantity measured in the experiments was the velocity of the free surface
of the specimen being studied w.

The experimental diagram as shown on Figure 3, where 1 is the speci-
men; 2 is foil; 3 and 4 are plates of the material being studied; 5 is an
explosive charge with a planar detonation wave; 6 is a block of organic
glass, recording the approach of the foil by the photochronographic method.
The function w = w (x) was determined in experiments with specimens made
in the shape of wedges. The use of specimens of this shape allows us to
produce the function w = w (x) for 0 < x < h in each experiment (where h
is the maximum thickness of the specimen). The shockwave in the specimen
was excited by the impact of plate 4 of the same material, 2 mm thick. To
eliminate the influence of pressure of the explosion products on propaga-
tion of the shockwave in the specimen, a second plate 3 was placed between
the striking plate and the charge; the explosive accelerated plate 3.

When the plates collided, plate 4 was given a velocity equal to the
velocity of plate 3, while plate 3 moved significantly more slowly. An
air gap of 5 mm was set up between the explosive and plate 3 to avoid
splitting of the plate. The approach velocity of plate 4 to the specimen
was measured in special experiments. The velocity was changed by using
explosives of various compositions. The photochronographic and electrical
contact methods, described in the [7], were used to measure the velocity
of the free surface. The time intervals between the moment of contact of
the free surface by the shockwave and the moments when the free surface
approached contacts located at 3 to 4 m- from the s;urface of the specimen
(or the block of organic glass 6 when the photochronographic method was
used) were recorded. In order to eliminate the influence of separation on
the velocity measured in the experiments, aluminum foil 2, 0.2 um thick,
was tightly glued to the surface of the aluminum specimens. The correction
for the drop in free surface velocity due to separation in experiments with
copper specimens was based on experimental data [8].
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4. Calculation of the flow behind the leading edge of the shockwave
considering its interaction with the elastic unloading waves which catch
up ,vas performed on the basis of known equations of the state of these
metals, presented in [9]. The experimental and calculated dependences w =
32w Cx) for aluminum with P = 680 kbar and lead with P = 460 kbar are pre-
sented on Figure 4a and 4b respectively. Shaded areas 2 are determined by
the spread of experimental data in each series of identical experiments.
Dotted curves 1 are the calculation dependences for a, = 0 (hydrodynamic

theory), solid lines 3 and 4 (Figure 4a) are the calculated dependences for
P - 70 kbar and P = 100 kbar. During performance of the calculations, as

in [4], the change in Poissons coefficient with pressure was ignored; the
values of V were taken equal to 0.31, 0.34 and 0.44 respectively for aluminum,
copper and lead1 .

We note that none of the experimental curves show a sudden change in
free surface velocity. This apparently can be explained by the fact that
the transition from elasticity to plasticity during expansion of shock
compressed metals occurs according to a smooth curve, not according to a
broken curve (CDE on Figure 1). This behavior of metals upon transition
from elasticity to plasticity must be expected from the results of [10].
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Figure 4. Figure 5.

T Consideration of i'e'-dependence of Poissons coefficient on pressure in the
shockwavo can change the value of a* slightly.

II I'te,,kfm5



Three or four identical experiments were performed for each material
with identical flight velocity of the impact plate.

As the value'of critical shear stress corresponding to a given pressure
behind the leading edge of the shockwave, we used the value of a*, the calcu-

lation dependence w = w (x) for which best described the experimental data.

As the value of error in determination of a*, based on comparison of

experimental and calculated data, we use the interval between values of G*,

the calculation curves w = w (x) for which touched the upper and lower boun-
daries of the shaded area.

As we can see from Figure 4b, the experimental dependence w = w (x) for
lead is well described by the calculated curve produced using the hydrodynamic
theory (o, = 0).

Let us present the estimates of * produced in this manner and the cor-

responding amplitudes of pressure in the elastic unloading wave P in kbar
with shock compression pressure P in kbar for the metals studied

P ,P

Al 300-680 17-29 60--t00
Cu 340-860 25-41 90-150.Pb 460 0 0

5. Comparison of the calculated and experimental data shows that the
role of strength is significant for aluminum and copper in the shock com-
pression pressure area studied (up to 680 kbar for aluminum and 860 kbar for
copper).

The values of a* produced in this work for the material studied as a

function of pressure behind the leading edge of the shockwave are presented
on Figure 5: points 3, 4 and 5 correspond to aluminum, copper and lead.
Here also we show the results of similar investigations for aluminum (points
1 and 2) from [4] and [5] respectively. This Figure also shows data on the
influence of hydrostatic pressure on the value of a* in aluminum, copper and

lead: points 6 and 8 from [1] for aluminum and lead, points 7 from [2] for
copper. The data on aluminum are quite satisfactorily described by the general
curve.

As the shock compression pressure increases, the temperature behind the
leading edge of the shockwave increases. The effect of these factors, pres-
sure and temperature, on the critical shear stress, is directly opposite.
Obviously, at the shock compression pressure where melting of the metal occurs,
the value of a* is practically equal to zero. Thus, the function a* = a* (P)

has a maximum with shock compression.

According to the results of theoretical and experimental studies [11,
12], the melting of aluminum behind the leading edge of a shockwave occurs in
the area of 1,050-2,020 kbar, copper -- at 2,050-2,550 kbar, lead -- at
410-1,240 kbar.
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The fact that the results of the experiments performed indicate that the
value of a* for lead is practically equal to zero at 460 kbar confirms the

fact of melting of the lead behind the leading edge of the shockwave at this
pressure.
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